INTRODUCTION
The recent construction of the atomic model of the hemoglobin molecule at high resolution by Perutz and his colleagues has opened the possibility of interpretation of the detailed properties of particular hemoglobin variants in terms of the molecular structures (1-3). As Perutz points out, replacements at the region of contacts between unlike subunits of the hemoglobin molecule in the quaternary structure may affect the oxygen affinity, ai-P2 (3) . Hemoglobin E (11, 12) is a case of an instability resulting from disturbance of the pattern of hydrogen bonds in the neighborhood of the a,-Pi contacts (3) . Despite the lowered oxygen affinity in this variant, heme-heme interaction has been shown to be normal. It would be interesting to know whether the interaction between heme groups is affected only in the substitution at the a-Ps contacts or in any of the replacements at the contacts between unlike subunits.
In the screening survey which has been conducted with the aim of detecting hemoglobinopathies, one family was found to be heterozygous for a new hemoglobin, designated hemoglobin Yoshizuka. In this paper we describe chemical characterization of this abnormal hemoglobin and its oxygen equilibrium properties.
METHODS
Hematological studies were done by standard methods (13) . Hemolysates were prepared by the toluene method (14) . The clear supernatant after centrifugation at 10,000 g for 20 min was used for further studies. Alkali-resistant hemoglobin was estimated using the 1 min denaturation test (15) and by the method of Huisman and Meyering (16) . The test for thermolabile hemoglobin was according to Dacie et al. (17) .
Electrophoresis of hemoglobins was performed on thinlayer starch gel in pH 8.6 Tris-ethylenediaminetetraacetic acid (EDTA)-borate buffer at 17 v/cm for 3 hr (18) and the gels were stained with Amido Black lOB (Merck). The hemolysate (300 mg in 5 ml 0.05 M Tris-HCl buffer, pH 8.0) Was chromatographed on a 2.8 X 42 cm column of diethylaminoethyl (DEAE)-Sephadex A-50 (Pharmacia) equilibrated overnight with the starting buffer (19) . A linear gradient from pH 8.0-7.6 was established with a two-chamber vessel containing 1.5 liters of pH 8.0 buffer in the first chamber and 1.5 liters of pH 7.6 buffer in the second. The 10-ml fractions corresponding to individual hemoglobins were pooled and the quantitative data were obtained by establishing the extinctions of related fractions at 415 mg. These values were divided by the total extinctions. Hemoglobin solutions were concentrated by ultrafiltration in vacuo using cellophane tubes (Visking, size 8/32) and the purity of each peak was ascertained by thin-layer starch-gel electrophoresis. For oxygen equilibrium studies, 600 mg of hemoglobin in 7.2 ml of pH 7.95 buffer was chromatographed on a 4 X 45 cm column of DEAE-Sephadex (effluents in the center section of the peaks were used without being concentrated). Subunit hybridization of purified hemoglobins was performed by dialyzing mixtures of equal volumes of solutions of hemoglobin A with canine hemoglobin and of hemoglobin Yoshizuka with canine hemoglobin against 0.24 M acetate buffer, pH 4.7 for 5 hr at 50C followed by dialysis overnight against the Tris-EDTA-borate gel buffer (20) .
Globins were prepared for chain separation with cold acid acetone (21) . 160 mg of globin was dissolved in 16 with HaPO. as described by Clegg, Naughton, and Weatherall (22) . After dialysis for 3 hr at 21'C, the material was applied to a 2.0 X 10 cm column of carboxymethylcellulose (CM-cellulose) (Serva, capacity 0.71 mEq/g), washed with 50 ml of the starting buffer, and eluted by means of a Na+-ion gradient exactly as described (22) . Aminoethylation of the separated chains and the removal of urea, ethyleneimine, and salts were also made without modifications (22 Imai (30) . The oxygen partial pressure in the sample was measured with a Beckman polarographic oxygen sensor (model 39065) and the percentage of oxygenated hemoglobin was estimated spectrophotometrically using monochromatic light at 564 m/A. The values were drawn continuously on the X-Y recorder chart. The temperature of the sample was measured by the thermister and controlled at 20°C within the variation of +0.1°C by thermodules. The curve was reproduced very well with the standard error being maximum, about 3%o, near the half saturation point. Before and after measurements, the visible absorption spectra of samples were recorded using a Beckman DK-2 self-recording spectrophotometer. Methemoglobin in the sample was estimated before measurements by the method of Evelyn and Malloy (31) and afterward calculated from extinction coefficients given by Benesch, Macduff, and Benesch (32) . Methemoglobin formed during the entire procedure was below 15% except between pH 6.0 and 6.5 where about *-? of the hemoglobin was apparent in the ferric form. From the spectral curves just before and after measurements, we judged methemoglobin formation during the oxygen equilibrium studies to be only small. The percentage of saturation, y, was calculated by using the measured transmittance change, and subsequently the optical densities, A, by using the formula, Y Adeoxy-A 100 Adeoxy -AOcy in which Ade..y and A,1s are the optical densities of deoxygenated and oxygenated hemoglobin at 564 mA&. These oxygen equilibria were studied within 1 wk after the blood collection.
Sedimentation velocity measurements on oxyhemoglobin solutions A and Yoshizuka were made with a Spinco model E ultracentrifuge with schlieren optics at 56,100 rpm. Experiments were done at a temperature of 20°C and a protein concentration of 0.1 g/100 ml of 0.1 M phosphate buffer, pH 7.4. The sedimentation coefficients were calculated from the peak positions in the schlieren patterns and are given in Svedberg units. The corrections for the density and viscosity of the solutions were not made here.
RESULTS
Family study. The propositus was a 56 yr old man who sought medical advice because of anorexia and insomnia. His past health had been good. On examination he showed no significant physical abnormalities except for hypertension. Hematological studies were disclosed as follows: hemoglobin, 14.7 g/100 ml; red cell count, 4.12 million/cmm; hematocrit, 37.0%; reticulocytes, 0.7%; white cell count, 6800/cmm (differential count normal); median corpuscular fragility, 0.44% NaCl; icterus index 5. An abnormal hemoglobin, designated hemoglobin Yoshizuka, was detected in his blood, in his four children, and in one of his siblings examined. (Fig. 1) . Chromatography of the hemolysate showed that the normal and abnormal hemoglobins were present in about equal quantities (43.9% A and 50.6% Yoshizuka) (Fig. 2) . The quantity of hemoglobin A2 (2.1%) was within the normal range of 1.8-3.2% estimated from DEAE-Sephadex chromatography (13) . Hemoglobin A8 did not separate from hemoglobin Yoshizuka during chromatography and the fourth fraction (3.4%) appeared likely to be an abnormal analogue of hemoglobin As (16). Hemoglobin Yoshizuka was not alkali resistant; it was not precipitated by incubation at 50'C for 2 hr; and no inclusion bodies formed in red cells after incubation with brilliant cresyl blue. Both oxygenated and deoxygenated solutions of hemoglobin Yoshizuka had normal visible absorption spectra between 450 and 650 mu.
Dissociation and recombination with canine hemoglobin indicated that the altered electrophoretic mobility was due to an abnormality of the ,8-chain. The two chains of hemoglobin Yoshizuka were separated cleanly on CM-cellulose chromatography (Fig. 3) . A comparison of the tryptic peptide map of the aminoethylated j9-chain from hemoglobin Yoshizuka with that from hemoglobin A showed that peptide PAT12a (22) was missing in hemoglobin Yoshizuka and that a new peptide was present which was displaced anodally to the corresponding peptide in the normal aminoethylated ,8-chain peptide map (Fig. 4) . By testing the maps with the reagent specific for bivalent sulfur compounds, the new peptide, PyoubI3u
T12a, was shown to be sulfur containing. PAT12a was also positive for this reagent. The presence of a small residual amount of PAT12a presumably arose from traces of hemoglobin A8 and A which remained after purification of the variant. Table I shows the results of amino acid analyses of the PAT12a and fiYouhP" 'Tl2a which were purified by both preparative paper chromatography and electrophoresis. It will be seen that the two analyses after acid hydrolysis are identical which suggests that the loss of a positive charge in the abnormal peptide results from the replacement of asparagine normally found in f8iTl2a by aspartic acid. Analyses after digestion with enzyme confirmed this conclusion. Substitution of aspartic acid for asparagine in PAT12a (position 108) satisfactorily accounts for the charge difference on starch gel electrophoresis.
Oxygen equilibrium characteristics of hemoglobins.
The oxygen equilibria of both unfractionated hemolysates and hemoglobins after elution from the chromatographic column were measured (Fig. 5) . The oxygen affinity of the hemolysate containing about 50% of hemoglobin Yoshizuka was lower than that of the hemolysate from the normal adult. The data show that purified hemoglobin Yoshizuka has about a 1.6-fold lower oxygen affinity than hemoglobin A at 200C, pH 7.46. The pH dependence of the oxygen equilibrium shows that hemoglobin Yoshizuka has a substantially lower oxygen affinity than hemoglobin A between pH 6.0 and 8.0 (Fig. 6) . The values of n in Hill's equation (35) shown by the courtesy of the author and the publisher (10).
The f-chain heme is adjacent to the inside part making contacts with residues G4,8, G5,6, and G8,f (2) . An a-chain may interact with the opposite side of the helix. G10B is thought to be hydrogen bonded to G10a to form one of the a,-fi contacts.
avoid appreciable formation of methemoglobin during the purification procedures and dialysis. The tendency apparently increased in acid solutions. This is sufficient to bring about a slight increase in oxygen affinity and also a decrease in the values of n. For these reasons, the authors believe the minor variations of the n values observed are probably not significant. The curve of purified hemoglobin A which contained 14.2% methemoglobin of the total is shaped and positioned like that of the unfractionated normal hemolysate which did not contain an appreciable amount of the ferric form. This suggests that influences of the purification procedures upon oxygenation curves at this pH are only small (Fig. 5) . The slope of the lines in Fig. 6 , calculated by A log P50/A pH, yields a convenient measure of the Bohr effect (36). The ratio is about 0.36 for hemoglobin Yoshizuka in the physiological pH range at 20°C as compared with 0.52 for hemoglobin A. Ultracentrifugation. On sedimentation under the condition used (temperature 20'C, pH 7.4, protein concentration 0.1%) both hemoglobins A and Yoshizuka migrated as a single symmetrical peak with an so of 4.54S.
DISCUSSION
Hemoglobin Yoshizuka differs from normal hemoglobin in its electrophoretic mobility, its chromatographic behavior, and its oxygen equilibrium characteristics. These differences appear to be associated with a single amino acid substitution occurring in the f-chain, e.g., aspartic acid replaces asparagine at position 108. This is the tenth residue in the G helix of the ,8-chain according to the tentative atomic model of oxyhemoglobin molecule by Perutz (37, 38) . Fig. 7 shows the approximate relative positions of residues in the G helix and in the representation described by Bonaventura and Riggs (10) . Resi- dues G4(102),8, G5(103)#, and G8(106)# are directed inward into the heme crevice making contacts with the heme group. As Perutz has described, part of the G helix of the f-chain may make contacts with the homologous segment of the a-chain. The main chain carbonyl of asparagine G10,8 which is replaced by aspartic acid in hemoglobin Yoshizuka is thought to be hydrogen bonded to histidine GlOa. This bond involves one of the a,-,8i contacts by using the numbering system by Perutz (2) . Two other strongly basic residues, arginine G6fl and lysine G6a, are probably oriented near the side chain of GlOfi. The amino acid substitution in hemoglobin Yoshizuka might produce decreased oxygen affinity either through direct electrostatic interactions between the G helix and the heme group or through altering interchain relationships. The direct interionic effects analogous to those between the heme groups and the side chains found to be substituted in hemoglobins M do not seem likely since the coordinates described by Perutz would indicate that the side chain of G10f is directed away from the heme group (2) . The introduction of the negatively charged carboxyl group into the basic region might cause rearrangement of these residues in the central cavity due to polar interactions near the contact ai-fti. A relatively small difference in electrophoretic mobility might be due to a rise in pK of histidine Gi0a. Nevertheless, the data at present are insufficient to explain clearly why the oxygen affinity is lowered in hemoglobin Yoshizuka.
As Perutz and his colleagues point out, the functional unit of hemoglobin is the whole tetrameric molecule rather than the dimeric (2) . When one of the heme groups of a hemoglobin molecule is oxygenated, the affinity for oxygen of the three other groups is increased (39) . For the expression of these interchain interactions, both contacts, a,-fl, and a--fa are essential. However, the crystallographic results which the Cambridge group has found suggest that the contact al-,82 is of primary importance for several reasons (2) . Hemoglobin Kansas has a low affinity for oxygen and reduced heme-heme interaction which is associated with-the tendency to dissociate into subunits. These changes are due to the replacement of asparagine by threonine near the contact ax-fl2 (10) . The discovery of other variants, hemoglobins Chesapeake (4), J Cape Town (6), Yakima (7, 8) , and Kempsey (9) has strengthened the importance of the G (Table II) . Rosemeyer and Huehns (40) have pointed out that the binding of oxygen contributes to the tendency of hemoglobin to dissociate. This occurs across the contacts ai-Ps and a2-Pa leading to the formation of one amp-and one as-n2 dimer. It has been observed that oxygenation of hemoglobin Kansas is accompanied by a pronounced dissociation into subunits (10) . These evidences support the interpretation that the regions of the ai-fi (as-A) contact have a strong influence both on the subunit dissociation and on the nature of the oxygenation process. The observation of the sedimentation coefficient clearly shows that the altered oxygen affinity in hemoglobin Yoshizuka is not directly related to the degree of subunit dissociation.
